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O , Abstract 
(N . 

^ • In this paper, a downlink scenario in which a single-antenna base station communicates with K single antenna 

^ , users, over a time-correlated fading channel, is considered. It is assumed that channel state information is perfectly 

^> ' known at each receiver, while the statistical characteristics of the fading process and the fading gain at the beginning 

, of each frame are known to the transmitter By evaluating the random coding error exponent of the time-correlated 

■ fading channel, it is shown that there is an optimal codeword length which maximizes the throughput. The throughput 
of the conventional scheduling that transmits to the user with the maximum signal to noise ratio is examined using 
both fixed length codewords and variable length codewords. Although optimizing the codeword length improves 

Pj I the performance, it is shown that using the conventional scheduling, a gap of Q{y/log log log K) exists between 

^ ■ the achievable throughput and the maximum possible throughput of the system. A simple scheduling that considers 

I both the signal to noise ratio and the channel time variation is proposed. It is shown that by using this scheduling, 

■ the gap between the achievable throughput and the maximum throughput of the system approaches zero. 

(N ■ 

^ ' Index Terms 

, DownUnk scheduling, multiuser diversity, Rayleigh fading, time varying channels. 

o ■ 
\o ■ 

O , I. Introduction 

Q . In wireless networks, diversity is a means to combat tlie time varying nature of the communication link. 

' Conventional diversity techniques over point-to-point links, such as spatial diversity and frequency diversity 
J-^ are widely used and offer performance improvements. In multiuser wireless systems, there exists another 
form of diversity, called multiuser diversity [1]. In a broadcast channel where users have independent 
^ fading and feed back their signal to noise ratio (SNR) to the base station (BS), system throughput is 
^ maximized by transmitting to the user with the strongest SNR [1], [2]. 
■ - - ' Multiuser diversity was introduced first by Knopp and Humblet [3]. It is shown that the optimal 
transmission strategy in the uplink of multiuser systems using power control is to only let the user with 
the largest SNR transmit. A similar result is shown to be valid for the downlink [4]. Multiuser diversity 
underlies much of the recent works for downlink scheduling [5]-[8] as in Qualcomm's high data rate 
(HDR) system [9], [10]. In [8], [11], the opportunistic scheduling is based on the highest data rate which 
can be reliably transmitted to each user. Distributed scheduling is proposed in an uplink scenario, where 
full channel state information (CSI) is not required at the transmitter [12], [13]. Multiuser diversity has 
also been studied in the context of multiple antenna systems [1], [14] and ad-hoc networks [15]. 

In wireless networks, the rate of channel variations is characterized by maximum Doppler frequency 
which is proportional to the velocity. Utilizing multiuser diversity in such environments needs to be 
revisited since the throughput depends not only on the received SNR, but also on how fast the channel 
varies over time. 

In this paper, we consider a broadcast channel in which a BS transmits data to a large number of users in 
a time-correlated flat fading environment. It is assumed that CSI is perfectly known to the receivers, while 
BS only knows the statistical characteristics of the fading process for all the users (which is assumed to be 
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constant during a long period). Moreover, each user feeds back its channel gain to the BS at the beginning 
of each frame. Based on this information, BS selects a single user for transmission in each frame, in order 
to maximize the throughput. For the case of Additive White Gaussian Noise (AWGN) or block fading, it is 
well known that increasing the codeword length results in improving the achievable throughput. However, 
in a time varying channel, it is not possible to obtain arbitrary small error probabilities by increasing the 
codeword length. In fact, increasing the codeword length also results in increasing the fading fluctuations 
over the frame, and consequently, the throughput will decrease. Therefore, it is of interest to find the 
optimum codeword length which maximizes the throughput. 

In this paper, a downlink scenario in which a single-antenna base station communicates with K single 
antenna users, over a time-correlated fading channel, is considered. We analyze different user selection 
strategies; i) the BS transmits data to the user with the strongest SNR using fixed length codewords 
(conventional multiuser scheduling), ii) the BS transmits data to the user with the strongest SNR using 
variable length codewords, and iii) the BS transmits data to the user that achieves the maximum throughput 
using variable length codewords. We show that in all cases the achievable throughput scales as log log i^. 
Moreover, in cases (i) and (ii), the gap between the achievable throughput and the maximum throughput 
scales as v^log log log K, while in case (iii), this gap approaches zero. 

The rest of the paper is organized as follows. In Section |IIl the model of time-correlated fading channel is 
described. In Section [nil different user selection strategies are discussed and the corresponding throughput 
of the system is derived for each strategy, for K ^ oo. Finally, in Section |IVl we conclude the paper. 

Throughout this paper, E{.} and var{.} represents the expectation and variance, respectively, "log" is 
used for the natural logarithm, and rate is expressed in nats. For given functions f{N) and g{N), f{N) = 

0{g{N)) is equivalent to hmjv^oo ^ < oo, f{N) = o{g{N)) is equivalent to limAr^oo = 

0, f{N) = uj{g{N)) is equivalent to UmAr^oo = oo, and f{N) = Q{g{N)) is equivalent to 

limAr_,oo = c, where < c < oo. 

II. System model 

The channel of any given user is modeled as a time-correlated fading process. It is assumed that the 
channel gain is constant over each channel use (symbol) and varies from symbol to symbol, following 
a Markovian random process. Assume that the fading gain of k^^ user is hk = [hi^k, ■ ■ ■ , hN^A"^ where 
hi^k, 1 < ? < ^fc are complex Gaussian random variables with zero mean and unit variance and Nk is the 
codeword length of the k^^ user. The received signal for the fc*^ user is given by 

rk = Skhk + Uk, (1) 

where Sk = diag(si,fc, S2,k, ■ ■ ■ , SNk,k) is the transmitted codeword with the power constrainjl] E{|si,fcp} < 
P, and Uk is AWGN with zero mean and covariance matrix /. Assume that /io,fc is the fading gain at 
the time instant before Sk is transmitted. The sequence Ui^k = \hi^k\, < i < Nk, is assumed to be a 
stationary ergodic chain with the following probability density function [16]: 

f ( ^ — j 2Me~"^ u>0 

luoA^) - I otherwise ' ^ ^ 

f{Ul,k,U2,k,--- ,UNk,k\'^0,k) =Y\_1kiUiM^i~^,k), (3) 

i=l 



where, 

qk{u\v) 



Otherwise 



'obviously, for maximizing the througiiput, tiie power constraint translates to E{|si.fc['^} = P. 
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in which < ccfc < 1 describes the channel correlation coefficient of the k^^ user. It is assumed that 

ctfe, ^ l£ k < K, are i.i.d. random variables with uniform distribution which remain fixed during the 
entire transmission, and Xo( ) denotes the modified Bessel function of order zero. It is assumed that CSI 
is perfectly known at each receiver, while the statistical characteristics of the fading process and Mo,fc, 
1 < k < K are known to the transmitter. 



III. Throughput Analysis 

In this section, we derive the achievable throughput of the system in the asymptotic case of X — > oo. 
We define the k^^ user's throughput per channel use, denoted by T^, as 

Tk^Rk{l-Pe{k)), (4) 

where Rk is the transmitted rate per channel use and Pe{k) is the frame error probability for this user. 
Using the concept of random coding error exponent [17], Pe{k) can be upper-bounded as 

Peik) < ^inf ^ ^-N{EM-pR,)_ 

For simplicity of analysis, we use this upper-bound in evaluating the throughput. This bound is tight for 
rates close to the capacity as used in [18]-[20]. 

Assuming Si^k, 1 < ^ < Nk, are Gaussian and i.i.d., it is shown that the random coding error exponent 
for the k^^ user, Ek{p), is given by [20], 



Ek{p) = - 




where Uk = [mi,^, • • • ,Miv^,fc]. 

In the following, we assume that uo,it ^ 1- Since in strategies introduced in this work, a user is selected 
if the corresponding initial fading gain is maximum or above a certain threshold, this assumption is valid 
when the number of users is large. 

Theorem 1 For the channel model described in the previous section, and assuming uo,k is known, we 
have 

.,,).i_|„„,(.,^),0(^)-0(e-<.). 
Proof: See Appendix A. 
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Minimizing ([5]) is equivalent to maximizing -Efe(p) — pRk- Noting (|7]), we have 

1 



Ek{p) - pRk 



N, 



+ O 



1 ^ fPul,af\ „ 1 ^ 



p log 1 + 



(1 + p) 



1 



O e-"o.^ 



J] (log {Pul,) + 2z log(afc) - log(l + p)) - pRk 



i=l 



+ O 



p[log(PM2 ,) + (jv^ + 1) iog(c^^) _ log(p + 1) - i?^] 
1 



- O e""o,fe 



It is easy to show that pl^^ which maximizes ^ for large values of Mo,fc is 



where 



log(l + pT) + ^ = Pk, Pk< log(2) + i 
pr = l, >log(2) + i 

= \og{Pulk) + {Nk + 1) log(afe) - Rk. 



Using dl), ©, © and ([8]), we have 

Tk = Rk 
= Rk 



1 _ e-^^^^K^*)-^^^^' 

1 _ g-pr^fc('°s(^"o,fc)+(^fc+i)i°g("fc)-i°g(pr+i)-«fc) 



(8) 



(9) 
(10) 



(11) 



It is easy to show that Tk is a concave function of variables Rk and A^^, and the values of Rk and Nk 
which maximize the throughput (R'^^ and A'^^''*) satisfy the following equation^: 



i?r = iog(p«L.) + (2ivr + 1) iog(«.) - iog(pr + 1), 



(12) 
(13) 



It follows that N^!^^ — > oo and R'^^ ^ oo as uo^k oo. Using (fT2)) and (fT3l) . (fTT)) can be re-written as 
follows: 



log 



+ (2iV°P* + 1) log(a,) 



1 



i + pTn^RT 



Substituting ([T2l) in UQs, we have 



/?,=ivriogK-i)+iog(pr+i). 



(14) 



(15) 



Note that we have relaxed the condition of TV^ being integer. However, since the optimizing Nk tends to infinity as K oo, this 
assumption does not affect the result. 
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From (|9l) and (fT5l ). it is concluded that 

ll A'riog(ai')>i 

Noting (dll) and ([M]), for = 1, we have p"^^ = and R°^^ = log(PMg^) which corresponds to the 
capacity of a quasi- static fading channel (for large values of channel gain Uq 

In the following, we obtain the asymptotic throughput of the k^^ user. Since there are two regions 
for p°f^^ as shown in ( IT6|) . we calculate the closed form formula of the throughputs of these two cases 
separately. 

• (Pfc^* ~ 1)' The corresponding asymptotic throughput is obtained by substituting (fT2l) and (fT3l) in 
(fTTl) as follows: 



T, = log(^^^ -2Wlog(a,T^)loglog^^''°'' 



log log(Mo,fc 

From (fT3]) . the optimum codeword length scales as follows 



Q , logloglog(wo,fc) , , ^^^^ 



y loga-i 

Note that if ak is fixed and ak ^ 1, then A'^^''* log(a^^) > | for large values of uo^k and (flTI) is 
appliable. 

• (Pfc''* < 1)' We limit the calculation of the throughput to the assumption of N^^^ log(a^^) ~ o(l) to 
be able to derive the following closed form formula by using (fT4l) and (fT6l) : 



log log(uo,fc 

The corresponding optimum codeword length scales as follows: 



log(P<,) - 2^1og(a,-i) log log {Pul ,) X 
^^Q/logloglogK.)\\_ (19) 



y (loga-i)2 

As we will see later, this special case is sufficient to accomplish the calculations required in IIII-C[ 
From the above equations, it is concluded that the throughput not only depends on the initial fading gain, 
uo^k, but also on the fading correlation coefficient. Moreover, the throughput is an increasing function of 
the channel correlation coefficient. 

In the following, we introduce three scheduling strategies in order to maximize the throughput; i) 
Traditional scheduling in which the user with the largest channel gain is selected (SNR-based scheduling) 
and the codeword length is assumed to be fixed, ii) SNR-based scheduling with optimized codeword 
length regarding the channel condition of the selected user, and iii) Scheduling which exploits both the 
channel gain and the channel correlation coefficient of the users. The asymptotic throughput of the system 
is derived under each strategy for K ^ oo. 
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A. Strategy I: SNR-based scheduling with fixed codeword length 

The BS transmits to the user with the maximum initial fading gain. The codeword length of all users 
is fixed, i.e., A^^i = A^2 = ■ ■ • = Nk = N. The codeword length is selected such that the throughput of 
the system is maximized. The BS adapts the data rate to maximize the throughput of the selected user. 

Theorem 2 The asymptotic throughput of the system under Strategy I scales as 

P\ogK 



Ti ~ log ( ) - 2v/E{log(«-i)}logloglogi^, (21) 



as K ^ oo. 



For simplicity of notation, we define Vk — u^i^. Let v = ma,xi<^k<K and a be the corresponding 
correlation coefficient of the selected user. Setting the derivative of (fTTI) with respect to Rk to zero, we 
find the rate of the selected user and the corresponding throughput in terms of v and a as follow^ : 

« -'-(if;^) -^^^^^7^- 



Ti(v,a) 



1 ( \ r.r .M / ^ log(l + p°PWi?) 



1 - 



1 



1 + p°P^NR_ 
where noting Q, p°P* is determined as follows: 

log(l + p^n + = /5, P< log(2) + I 
p°pt = l, /5>log(2) + i 

Using ^ and we have 

, , log(l + p°ptjvi?) 



(23) 



(24) 



P = \ogil+p^n+ ^'J^ (25) 



Let us define R* and event A as follows: 

R* = \og{Pv) + (A^ + 1) log(a) 
1221,1251 

= R + p, (26) 

A={R* >^\og\ogK}, (27) 

In the following, we derive upper-bounds for the throughput of the system in terms of R* and A which 
we use later in Lemma [T] and Lemma |2l 

Ti = E{T^{v,a)} 

122},121 

< E{i?} 

E{R\A}Pr{A} + E{i?|^^}Pr{^^} 

^ (E{R*\A} - E{p\A}) Pr{A} + E{i?|^^}Pr{^^} 

< E{R*} - E{(3\A}Pr{A} (28) 

< E{R*} (29) 

^We drop user index of parameters R and p"^' for the selected user. 
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where (|28] ) is derived by replacing R with i?*, noting R < R*, and Pr{^} can be computed as follows: 
Pr{^} = Pr{log(Pt;) + (A^ + 1) log a > ^ log log K} 

= 1 - Pr{log(Pt;) + (A^ + 1) log a < ^ log log K} 

= Pr jlogcK ^^^^ QloglogiT - log(Px)^ x| 

= (^e^(5i°si°g^-'°s(^")))/„(x)da;, (30) 

where fy{.) and Fy{.) are probability density function and cumulative density function of random variable 
y, respectively. Noting that a has a uniform distribution, we have 



log log K /"°° log(P3:) 

Pr{^} = l-e2{iv+i) / e fv{x)dx 

Jo 





loglogK+2 1og(P) 

~ 1-e 5(iv+T^ ^ (31) 

where the second line follows from the fact that v ~ logK, with probability one [21]. 

According to p4|) . there are two regions for p°P* of the selected user. To obtain the throughput of the 
system, we upper-bound the throughput in these two regions in Lemma \\\ and Lemma 111 respectively. 
Then, we derive a lower-bound for the throughput of the system in Lemma HI 

Lemma 1 Assuming /3 < log(2) + |, the throughput of Strategy I is upper-bounded as follows: 

Tn < log(Plogir) - (log(loglogi^ - 21og(2)))E{log(a-i)}Pr{^}. (32) 
Proof: Using ^ and ^ and noting P < log(2) + i, we obtain 

^ ' log(l + p°PWP) ^ ^ 

Noting p°P* < 1, it follows from ([33]) that 

AT > log(l +p°P*ArP). (34) 
Assuming R is large enough, from (1331 ). we have 

p°P^NR 



log(l + p°P^NR) 
Using (|34l) and (1351 ). we can write 



> 2P ^ p°P'N > 2. (35) 



> E {log(l + p°P'NR) \A} Fr{A} 



> E{(log(l + 2P))|^}Pr(^) 

> (log(loglogir-21og(2)))PrM} (36) 

where (a) results from the fact that conditioned on A, we have R = R* — [3 > \ log log K ~ \ ~ log(2). 
Noting that v ~ logi^' + 0(loglogi^') with probability one [21], we can write the throughput of the 
system as follows: 

_ |26l,|29l 

Tn < E{log(Pt;) + (A^ + 1) log(a)} 

= E{log(Pi;)} - (A^ + l)E{log(a"^)} 



< log(Plogir) - (log(loglogir - 21og(2)))E{loga-^}Pr{^}. (37) 
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Lemma 2 Assuming [3 > log(2) + i, the throughput of Strategy I is upper-bounded as follows: 

^12 < log (^^-^) - 2v/E{loga-i}v/logloglogir. (38) 

Proof: Noting (3 > log(2) + |, from (l24l) . we have p°P* = 1. Hence, using (|26l) and (|28l) and noting 
i; ~ log K, we can write 

Ti2 < log(Plogi^)-(Ar+l)E{log(a-^)}-E{/3|^}Pr{^} 



< log (PhgK) - (iV + l)E{log(a-i)} - E{log(2) + l^s(i±i^|^}Pr{^} 

< log (P log K) - (iV+ l)E{log(a-i)} 
"log(|loglogir- -log(2)) , logiV 



TV N 



+ + log(2) 



Pr{^}, 

(39) 



where (a) follows from the fact that conditioned on A, we have 

R = R*-(3 

1, , log(l + 7VP) , 

> -loglogir-^^^^^ ^-log(2) 

^ 1, , ^ log(l + iVlog(Plogi^)) , 

> 2^°Slog^ j;^ log(2), (40) 

The last line results from the fact that R < \og{P\ogK) which follows from (|22l) . Substituting (|3TI) in 
(|39| ). and setting the derivative of T12 to zero with respect to N, we obtain 



iV-~.W^|l+ 0(1)1. (41) 

y Ejloga 1} 

Substituting dlB and dH]) in ([391), the result of the lemma follows. 

Lemma 3 Assume that N is set as in d47]) . Then, under condition A, we have p°P* = 1 as K ^ 00. 
Proof: If p°P* < 1, then using we have /5 < | + log(2). Noting dH]) and ([35]), we can write 

Ar°P* > log(l + p°P*Ar°P*P) 



> log(l + 2R) 

^ log(l + 2(P*-/3)) 

> log(2P*-21og(2)) 

log log log K, (42) 



which contradicts (|4TI) . 



Lemma 4 T/ze throughput of Strategy I is lower-bounded as follows: 

PhgK 



Ti > log ^ - 2v/E{loga-i}logloglogir. (43) 
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Proof: Choosing = A^°p* and subsequently replacing p°P* = 1 (Lemma [3]), we compute R in (|22l) . 
under condition A, as follows: 

> -loglogir-log(2)-^i^^^^;j^^ ^ 

1 log(l + iV°PMoglogir) 

> -loglogK-log(2) 

~ i log log K — ^yE{\oga~'^} log log logi^) 

Using (|23l) and (l26l) . we can lower-bound Ti as 
> Ti|^Pr{^} 



(44) 



E 



i?* - log(l + p 



opt\ 



log(l + p°P*A^°P*i?) 
popt jyopt 



1 



1 + p°PW°pti? 



X 



Pr{^}, 



(45) 



where Ti|^ denotes the throughput of the system conditioned on A. Since E{i?*} = E{i?*|^}Pr{^} + 
E{i?*|^^}Pr{^^}, and E{R*\A} > E{R*\A^}, it follows that E{R*\A} > E{R*}. Having this fact, 
noting Lemma © and using (|3T1) . (144)) and (|45l ). we can write 



Ti > E{i?*}-log(2)-E 



1 



log(l + iV°P^ log(^^M)) 



jyopt 




X 



1 



1 + A^°pt(i log log - A/E{log a-i} log log log K) ) 
log ( ^^"^^ ) - 2 v/E{log a- 1 } log log log . 



log log /-C 



]^ _ g 2(iV0P'^+l) 



(46) 



The Proof of Theorem 2: Lemma ([T]) and Lemma Q provide upper-bounds on two complementary 
cases where p°P* of the selected user is either less than 1 or equal to 1 in (|32|) and (l38l) . respectively. 
Lemma (HI) lower-bounds the throughput of the system as in (|43l) . Comparing (|32|) . (|38l) and (l43l) . we 
conclude the result of the theorem. 

■ 

Remark 1- To prove Theorem 2, we utilize the distribution function of a to calculate Pr(^). The value 
of Pr(^) is used in dSV]), (HH) and For Pr(^) = 1 - o (i^^i^), (HV]), ^ and (Hi) are valid. 

Therefore, the assumption of uniform distribution for the correlation coefficients can be relaxed if Pr(^) 

1 



log log K 



B. Strategy II: SNR-based scheduling with adaptive codeword length 

In this scheme, the BS transmits to the user with the maximum initial fading gain. The rate and codeword 
length are selected to maximize the corresponding throughput. 



Theorem 3 Assuming K 
follows: 

To ~ 



oo, the asymptotic throughput of the system under Strategy II scales as 

(47) 



log (^) - 2E{Vtoi(^} Jloglog (^), 
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Proof: The throughput of the system can be written as 

T2 = T^ibMIS} + r2|BcPr{i3^}, 



(48) 



where B represents the event that p°P* = 1, T2\b denotes the throughput conditioned on B, and T2\bc is 
the throughput of the system conditioned on B'~^, the complement of B. Using (flTl) . we can write 



T21B = E <^ log 



Pv 



-2Wlog(a 1) log log 



Pv 



1 + 



log log log(i;) 
log \og{v) 



B 



(49) 



where v = maxi<k<K Vk, and a is the channel correlation coefficient of the selected user. Noting that 
V ~ \ogK + O (log log i^) with probability one, and v and a are independent, we have 



2\B 



log 



PlogK 



2E 



log(a 1) 



S WloglOE 



P log K 



X 



1 + 



log log log log K 
log log log K 



(50) 



Using (|T6l) and (1181) . we can write 



i3 ^ iV°PMog(«-^) > i 

^ Vlog(a-i)VlogloglogK> i 



(51) 



Uniform distribution for a results in exponential distribution for X = log(a ^), i.e., fx{x) = e ^u{x). 



Let us define e = 



7T — r^-i — F7. Pr|i3| can be derived as follows: 

4 log log log K '■ ^ 

Fr{B} = Pr{log(a"^) > e} 



(52) 



Using (p2l) . we have 



la 



-1) 



B 



Similarly, we can write 



e|0 



og(a" 



B 



c 



/g ^/xe ^dx 

Vx{B} 
y/xe~^dx 

Pr{i3} 
E{v/log(a-i)}-ev/ie- 



E{v/log(a-i)}(l + 0(e)). 

/J ^/xe'^dx 
Pr{i3^} 

1-e-^ 
~ O(v^). 



(53) 



(54) 
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Using (fT4l) . T2\bc can be written as 

7 ABC = E{(log(^)-(2iV* + l)log(a.-'))(l-^^^,4^ 

a \ f f Pv \ P°^^ \ { 1 



i3' 



> log(^^)-E{log(a-^)|i3^}-2 



> log(^^^j-2-0(v/^), (55) 



where (a) follows from (fT6l) which implies A^°p* log(a ^) = j^^spt conditioned on S*" and (h) results 
from the following inequality: 

(Ml i?°P*(Ar°P*)2log(a-i) 



~ 1 - A^°P* log(a-i) 

> i?°P*(Ar°P*)2log(a-^) 

{H log(l + p°ptiV°Pti?°Pt) 

= it ^ 



popt 

> (56) 

where (a) follows from the fact that ^°s(^+^ p p ) ^ decreasing function of p°P*. Moreover, using 
(fT4l) and noting that v ~ log K with probability one, we have 

< E{log(Pi;)|S^} 

< log(Plogir) (57) 

Combining (1551) and (1571) . we have 

log (^) - 2 - 0(V5) < r,,o < log (^) + log(2) (58) 



Substituting (1501) and (1581) in (1481) and noting (1521) and (1531) . after some manipulations, we have 



~ hog(^^^^) -2E{v/M^|S}X^ 



+ (('^)+^(l))Pr{i3"} 



- log (^) - 2E{0^}^loglog (^) 
+ 2E{Vlog(a-i)}^loglog {^^^e^ee-^ + ^^(l)0(v/F) 

~ log - 2E{v/M^} Jloglog {^^^^ + O(v^) (59) 
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which completes the proof of Theorem 3. 

Remark 1- To prove Theorem 3, we used the following properties: 

E { Vlog(a-i)| ~ E{Vlog(a-i)}(l + 0(e)) 



E |v/log(a-i)|i3'^} ~0(v^) 

Pr{B^} ~ 0(e), (60) 



where e ~ — r-i — f7- The theorem is valid for any distribution function of a that satisfies the above 

log log log K •' 

properties. 

Remark 2- Since Ejy^} < ^/E{x}, for x > 0, it is concluded that the achievable rate of Strategy II is 
higher than that of Strategy 1. More precisely, 

T2-T1 ~ 2 (VE{log(a-i)} - E{v/log(a-i)}) VlogloglogK. (61) 

For the case of uniform distribution for a, we have 

T2-T1 ~ 0.228v/logloglog K. (62) 

Remark 3- Although lim^'-.^oo = liniif^oo = 1, where Tmax ~ log (P log -ft') is the maximum 

max max 

achievable throughput for a quasi- static fading channel [21], there exists a gap of ^l{y/\og log log if) 
between the achievable throughput of Strategies I and II, and the maximum throughput. As we show later, 
this gap is due to the fact that the channel correlation coefficients of the users are not considered in the 
scheduling. In fact, this gap approaches zero by exploiting the channel correlation, which is discussed in 
Strategy III. 

C. Strategy III: Scheduling based on both SNR and channel correlation coefficient with adaptive codeword 
length 

To maximize the throughput of the system, the user which maximizes the expression in (fT4l) should be 
serviced. Here, for simplicity of analysis, we propose a sub-optimum scheduling that considers the effect 
of both SNR and channel correlation in the user selection. In this strategy, each user is required to feed 
back its initial fading gain only if it is greater than a pre-determined threshold v^, where 6 is a function 
of the number of users. Among these users, the BS selects the one with the maximum channel correlation 
coefficient. The data rate and codeword length are selected to maximize the corresponding throughput. 
The following theorem gives the system throughput under this strategy. 

Theorem 4 Using Strategy III, with 6 satisfying 

\ogK - o{\ogK) <Q<\ogK- log log - ^(1), (63) 

the throughput of the system scales as 

Ts > \og{P\ogK)-o{l) (64) 

Proof: Define S = {k\vk > 6} and amax — niax^g^ a^. Let v be the squared initial fading gain of the 
user corresponding to amax- We define the event Q as follows: 

^ = iV°PMog(a-L)~o(l), (65) 

where N"'^^ is the corresponding codeword length as computed from (fTSl) . Using (fT9l) and (1651) . we can 
write 

Ta > Pv{g}E{%{v,a^,^)\g} (66) 
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where following (fT9l ). 

n%{v,a^^^)\G] = E|log(Pi;)-2^1og(aii 

V^loglogCPt? 



log log log(t;) 



log log (t;) 

Noting that {75(1^, Omax)!^} in (1671 ) is an increasing function of i;, we have 



o(l) 



(67) 



E{r3(t;,a^,.)|^} > log(P0)-2E{^log(a-L)|6;} 



^loglog(Pe) 



1 + 



log log log(9) 
log log(e) 



> log(P0)-2E{^log(a-iJ} 

'log log log(e) 



^iogiog(pe) 



1 + 



loglog(0) 
> log(Pe)-2^E{log(a-iJ} 



^loglog(Pe) 



1 + 



log log log(9) 

log log(e) 



0(1) 



0(1) 



0(1), 



(68) 



where (a) follows from the fact that E{^log(a~^x)l^} — E{-^log(Q;~^x)} ^nd (6) results from the 
convexity of cube root. For large values of K, E{log(a~?^x)} be approximated as follows (See 
Appendix B): 



E{log(«-L)} 



1 + 



1 



Noting (l69l) . for values of satisfying (l63l) . we have 

E{log(a^L)}loglog(e)~o(l). 

Using (|68l) and (TTOI) . we can write 

¥.{%{v,a^^^)\g} > log (PlogiT) -o(l) 
To compute Pr{^} defined in (|65] ). we use Chebychev inequality. 

Pr||Z-E{Z}| < ^ ^l^var{Z} I > 

where Z = N°'PHog{a^l^) . Noting (gQl), ([631) and ([691), we have 



+ 6"^'^" (0-logir). 



(69) 

(70) 
(71) 

(72) 



E{iV°PMog(a-L)} < E{^log(a-iJloglog(Pt;^,J} 



< 

ITOI 



E{ ^log(a-L)}E{ ^loglog(Pi;^,.)} 

^E{log(«-L)}^loglog(Plogir) 

o(l) 



(73) 



14 



where (a) follows from the fact the i^max ~ ^og{K) with probability one. Also, noting (|20l) . (|63l ) and (|69l) . 
we have 

var{iV°PMog(a-L)} = var{^log(a-iJ loglog (Pt;)} 

< E{(log(«-L)loglog(Pt;))i} 

< (E{log(a-L) }) i (E{log log (Pt;)}) § 
1 



J63t .a 



< 




0((log log log K) 



(74) 



' log log log 3 

log is: 

where (a) follows from the fact that v ~ logi^ + O (log log K) with probability one. Substituting ([73 
and dill) in we have 



Noting (1661), (|7T]), and (|75l) . the result of the theorem follows. 

Remark 1- The uniform distribution of the correlation coefficients is not a necessary condition for Theorem 
m In fact. Theorem mis valid if Pr{^} ~ 1 — o ^ j^^^^^^ j . Pr{^} can be written as 



Pr{iV°PMog(«~iJ < = Pr{^log(a^iJ loglog (PlogiT) < g{K)} 

= Pr{amax > ei°si°g(^'°g-^)} 

= 1 - (PQ(e'°gi°g("°g-f^')))^ (76) 

where 5'(-ft') satisfies 5'(-ft') ~ o(l). Noting (1761) . there must exist a function 5'(i^) such that p^(e'°si°g(^'°g^') ) ~ 
]^ _ ^ ^ logiog^iogx ^ satisfy Pr{^} ~ 1 — o (^ ipgipg j • Hence, there exists a larger class of distributions 
that satisfy the requirements for this theorem. 

IV. Conclusion 

A multiuser downlink communication over a time-correlated fading channel has been considered. We 
have proposed three scheduling schemes in order to maximize the throughput of the system. Assuming a 
large number of users in the system, we show that using SNR-based scheduling, a gap of r2(v^loglog log K) 
exists between the achievable throughput and the maximum throughput of the system. We propose a simple 
scheduling, considering both the SNR and channel correlation of the users. We show that the gap between 
the throughput of the proposed scheme and the maximum throughput of the system approaches zero as 
the number of users tends to infinity. 

Appendix A 

For simplicity, we drop the user index. Noting Q, we have Po(p) = —jj^oglN, where 

N / , \ P 



In= ... / ni l, ^,,2 I P{^\uo)dui. 

J UN Ju^ j=l l+p"j / 

Using Q, we have 



(77) 
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Substituting Vi = — , < i < N, we have 

"OV (l-a2)/2 



</t)W •/ III .-I 



/ -7 n»o 



^;.e 2/.^ e-""o^*^-iXo(««o^^i^^i-i)/(t^i)c^^^i, (79) 



where. 



2(l+p) 

For large values of uq, we evaluate the following integral. 

I = ligve e-''ovt^Io{ulvfi)ip{v) 



f 

Jo 



1 



ff(^) , ^ e civ, (81) 



Un 



where (^(f) = \/27ivuoXo{ulv^)e ^o^^^ip{v) and (/^(t') is differentiable and satisfies < (p{v) < 1 and 
~ O(^). Noting that [22] 



(82) 



it is easy to show that g'^'^\ij) is bounded for > and n > 1. Using Taylor series of g{v) about ji, we 
have 



= ^(;,)(l-g(;,«o)) + o('^') +£. (83) 
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where e can be bounded as follows: 

e < I p ^'^0 dv + p ^'^0 dv 



I / V "-U C — ^ — ; — rs~ I / V — ^ — ; — 



2V27ruo I ( + ^ ) + / Q{z)dz 



1 



< 2v27rno H ^ ^ + / e dz 



oo 



< 2V27re ^mq ( ( /i + 1 + V27r 



Mo 

< 0(^Moe"^) (84) 

where (a) results from the fact that g(fi) > 0, (6) is valid because XQ{iiz)e~^^ < 1 for /i > and z >Q, 
and (c) and {d) follow from the fact that Q{z) = e~* ^'^dt < Moreover, using (f82l) . we can 

write 

= ^(,)(l+o(i,)). (85) 
Also, using (|82l) and noting (p{v) ~ O(^), we have 



^0{g\ii))=0{if{ii)). (86) 

Using ([83]), dMl), ([85]) and ([861), we have 



I 1 + O I ^ I I , (87) 
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where (a) follows from the fact that ip{fi) = O ( j. Applying (|87l) in (1791) . we have 



/(af Af-i) ( 1 + O ( ^= ) ) (1 - Q{avN-iUo)) x 



no ^—3 OiU^ViVi — i / 9 

/(aV-2)/(at^iv-2) f 1 + O f (1 - Qia%N-2Uo)) x 



i=l 

= 11 + ^ (;^) ) (1 - Q(«'^oWo)) (88) 



Substituting vq = 




1 + 



l + 0(^))(l-0( e-"5 ) ) (89) 



Using (|80l) and (f89l ) and noting -EqI/o) = — log /at, we conclude Theorem [TJ 



N 

V. Appendix B 



E{log(a^Jj^)} can be derived as follows 



K 

E{log(a-L)} = Yl E{log(a-L)| \S\ = n}Pr{\S\ = n}. (90) 

n=l 

Since a^, = 1, ■ • • , i^, are i.i.d. random variables with uniform distribution, we can write 

^an.ax(a||'5| = n) = a" 



E{log(a^^^)| |iS| = n} = / log(Q; ^)na"' ^da 

Jo 



(91) 





1 

n 

where Fx{.) denotes the cumulative density function of the random variable X. Indeed, \S\ is a binomial 

''0,k 



random variable with parameters K and e ®. (Since = uli^ and Mo,fe has a Rayleigh distribution, we 
have Pr(t;fc > 6) = e^®). Hence, 



Pr{|5| = n}= ( ^')e-"®(l - e-®)^"". (92) 



n 



Substituting (gT]) and (1921) in we have 



E{log(a-L)} = f f ) ^e""«(l - e-«)^-" (93) 

n=l ^ ' 
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Let us define XiK) ^ Zn=i - e-^)^"". 



n=0 

K-2 



^ + 1 / n + 1 



]- -(l-e-®)^-""2 + 

\ n -I- 1 / n -I- 1 ^ ^ 



, n + 1 / n + 1 

n=0 



n ) n + 1 

1 - e-®)A(fs: - 1) + ^ - — — ^ (94) 



n=0 

K K 

Solving the iteration considering A(l) = e~®, we derive \{K) which is equal to E{log(a~?^j^)} 

K ^ K 



n=l n=l 

For large values of K, we can approximate (l95l) as 

E{log(«-L)} ^ (1 - (/" ^^^^^^ - /" ^) 



1 + 



1 



-inog(l - e-®) V V-^log(l-e-®^ 
+ (l-e-®)^(0-logir) 



1 + O ( ) ) + e-^^"le - logiT). (96) 



where (a) results from the following approximations [22] 



(95) 



^dtc:i^(^+0 -ill r>l (97) 

oo ^-t 

— dt ~ log(r) - in < r < 1 (98) 

-T t 
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